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Extrasynaptic Release of Dopamine
in a Retinal Neuron: Activity Dependence
and Transmitter Modulation
inner plexiform layer (IPL). In some species, such as the
rabbit, the dopaminergic neurons are typical amacrine
cells, i.e., their processes do not extend beyond the IPL
(Tauchi et al., 1990). In other species, they are interplexi-
form cells, which send additional processes to the outer
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Boston, Massachusetts 02115 plexiform layer (OPL), where they form a plexus whose
richness varies greatly among different animal species†Department of Chemistry
University of North Carolina at Chapel Hill (see Nguyen-Legros, 1988). Physiologically, dopamine
fulfills a major role in adaptation (see Witkovsky andChapel Hill, North Carolina 27599
Dearry, 1991): by acting on most types of cells in the
retina, it sets the gain of the retinal networks for vision
in the light. Its multiplicity of effects is mediated bySummary
receptors that are distributed throughout the retina, of-
ten at a considerable distance from the source of dopa-Extrasynaptic release of dopamine is well docu-
mine (Bjelke et al., 1996; Veruki and Wa¨ssle, 1996; De-mented, but its relation to the physiological activity of
rouiche and Asan, 1999). This mismatch between thethe neuron is unclear. Here we show that in absence of
localization of the receptors and the distribution of thepresynaptic active zones, solitary cell bodies of retinal
processes of the dopaminergic neurons, taken togetherdopaminergic neurons release by exocytosis packets
with measurements of dopamine efflux from the intactof z40,000 molecules of dopamine at irregular inter-
retina, suggested the idea that dopamine acts on itsvals and low frequency. The release is triggered by
targets by volume transmission (Witkovsky et al., 1993).the action potentials that the neurons generate in a
The perikarya of retinal dopaminergic neurons (DArhythmic fashion upon removal of all synaptic influ-
cells) provide an ideal object to study extrasynaptic re-ences and therefore depends upon the electrical
lease of dopamine, because they are devoid of presyn-events at the neuronal surface. Furthermore, it is stim-
aptic active zones. We have therefore combined amper-ulated by kainate and abolished by GABA and quinpir-
ometry and patch clamping on solitary DA cell bodies,ole, an agonist at the D2 dopamine receptor. Since the
isolated by enzymatic digestion and mechanical tritura-somatic receptors for these ligands are extrasynaptic,
tion of the retina. DA cells could be identified in vitrowe suggest that the composition of the extracellular
because they were obtained from the retina of a trans-fluid directly modulates extrasynaptic release.
genic mouse in which neurons containing tyrosine hy-
droxylase (TH) express human placental alkaline phos-Introduction
phatase (PLAP) on the outer surface of the cell
membrane (Gustincich et al., 1997). When removed fromDopamine is released by exocytosis from the cell bodies
synaptic influences, DA cells spontaneously generateof the neurons of the substantia nigra (Jaffe et al., 1998).
action potentials in a rhythmic fashion (Feigenspan etBecause presynaptic active zones are absent in the peri-
al., 1998), a behavior similar to that of their counterpartskarya (Nirenberg et al., 1996), this release is probably
in the midbrain (Grace and Bunney, 1983a, 1983b). Hereextrasynaptic. Once released by the somatodendritic
we prove that extrasynaptic release of dopamine isarbor of the nigral neurons, dopamine diffuses along the
caused by exocytosis and study both its dependenceextracellular spaces, only partially removed by uptake
on the pacemaker activity and its regulation by extrasyn-and metabolism, and acts on receptors at locations dis-
aptic receptors.tant from the release sites, a modality of communication
called volume or paracrine transmission (see Cheramy
et al., 1981; Bunin and Wightman, 1999). It is unclear Results
whether extrasynaptic release of dopamine is caused
by the physiological activity of the cell and regulated by Identification of DA Cells
Two types of neurons in the retina express PLAP cDNAextrasynaptic receptors that measure the local compo-
sition of the extracellular fluid. Although somatic release under the control of a TH promoter sequence (Figures
1A and 1B). Cells of one type are characterized by aby nigral cells is stimulated in vitro by glutamate (Jaffe
et al., 1998), it is uncertain whether this transmitter acts large, spherical perikaryon that measures 15 mm in diam-
eter and is situated in the vitreal tier of cell bodies ofon postsynaptic receptors residing on the cell body or
proximal dendrites. the inner nuclear layer. Their primary dendrites form a
dense plexus in the scleral stratum (S1) of the IPL. InIn this paper, we address the problem of the mecha-
nism and regulation of extrasynaptic release of dopa- addition, they send processes to the OPL, where they
give rise to a loose plexus intermeshed with the den-mine in the retina. Retinal dopaminergic neurons form
a rich dendritic plexus in the most scleral stratum of the drites of horizontal and bipolar cells. On the basis of
the size of their cell bodies and distribution of their
processes, these PLAP-positive neurons correspond to‡To whom correspondence should be addressed (e-mail: elio_
DA cells, i.e., type 1 or large catecholaminergic ama-raviola@hms.harvard.edu).
§These authors contributed equally to this work. crines (interplexiform cells) that synthesize and release
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Figure 1. Identification of DA Cells in the Mouse Retina and Distribution of the Vesicular Monoamine Transporter VMAT2
(A) In the retina of a transgenic mouse line whose genome contains PLAP cDNA linked to the promoter for TH, DA cells are stained by the
indolyl phosphate method for PLAP activity. They possess large (15 mm) cell bodies and their dendrites form a dense plexus in the most
scleral stratum (S1) of the inner plexiform layer (IPL). The dendritic plexus in the middle of the IPL belongs to a second variety of catecholaminer-
gic amacrine cell (type 2), which has a much smaller perikaryon.
(B) The same DA cell as in Figure 1A was stained with the monoclonal antibody to PLAP conjugated to Cy3 (E6-Cy3). Inset: Because PLAP
resides on the outer surface of the cell membrane, after enzymatic digestion and mechanical trituration of the retina, perikarya of DA cells
can be identified in the living state by staining with E6-Cy3.
(C) Confocal image of a radial section of the retina double-immunostained for VMAT2 (green) and TH (red): colocalization is yellow. In the cell
body, anti-VMAT2 antibody stains a large accumulation of material near the nucleus (asterisk), probably the Golgi apparatus. In addition,
discrete clumps of VMAT2-positive material are present in the plexus of DA cell dendrites that occupy stratum S1 of the IPL (arrowhead),
probably clusters of synaptic vesicles.
(D) Confocal image of a horizontal section of the retina double-immunostained for VMAT2 and TH: this is one of twelve serial optical sections,
1 mm each, from the perikaryon of a DA cell. Organelles of varying diameter, stained by the VMAT2 antibody, are scattered throughout the
cytoplasm. They are independent of the cell surface and therefore do not represent clusters of vesicles at presynaptic active zones.
(E) Two contiguous confocal optical sections (0.5 mm thick) of a DA cell isolated by enzymatic digestion and mechanical trituration of the
retina. The organelles stained by the VMAT2 antibody are not associated with the cell surface.
Scale bars: 10 mm.
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dopamine (Gustincich et al., 1997). The second type of VMAT2 antibody probably represented stacks of Golgi
cisternae.PLAP-positive cells, type 2 or small catecholaminergic
amacrines, possess a perikaryon that is 9 mm in diameter
and they give rise to a plexus situated in the middle of Electrophysiology
the IPL (S3 stratum). They will not be considered further Spontaneous Release of Dopamine
in this paper, because they do not appear to contain After enzymatic digestion and mechanical trituration of
dopamine and are easily identified after dissociation of the retina, solitary DA cells could be identified in the
the retina by the small size of their somas and weaker living state by staining with a monoclonal antibody to
expression of PLAP. human PLAP (E6; De Waele et al., 1982), conjugated to
the fluorochrome Cy3 (E6-Cy3). This antibody labels the
cell surface because of the presence of the enzyme onImmunocytochemistry for the Monoamine
the outer aspect of the plasma membrane (Figure 1B,Vesicular Transporter-2 (VMAT2)
inset). For recordings, we chose DA cells whose pro-To identify the cytoplasmic organelles that contain do-
cesses had been severed by the dissociation procedure,pamine, DA cells were double labeled with antibodies to
to rule out the presence of presynaptic active zones.VMAT2 and TH in retinal sections. Confocal microscopy
Postsynaptic specializations, on the other hand, are oc-showed that, in the cell body of DA cells, the VMAT2
casionally present on the vitreal aspect of the perikaryonantibody stained the Golgi apparatus and a small num-
(Gustincich et al., 1999). Carbon fiber electrodes with aber of organelles of varying diameter scattered through-
diameter of 5 mm were beveled at 458; their recordingout the cytoplasm (Figure 1C). No immunoreactive mate-
area, measured electrochemically, was z40 mm2 or 6%rial was seen applied against the cell surface. This was
of the cell surface. The carbon electrode was approxi-in striking contrast with the dendrites, which were char-
mated to the cell until contact was established, as indi-acterized by conspicuous fluorescent aggregates often
cated by a gentle dimpling of the plasma membrane. Inpositioned near the cell surface, possibly clusters of
some of the experiments, the cell was simultaneouslysynaptic vesicles (Figure 1C, arrowhead). To confirm
patch clamped in the cell-attached or whole-cell config-that the fluorescent organelles were independent of the
uration. To examine dopamine release by DA cells, oxi-cell membrane, serial optical sections of cell bodies
dation currents were recorded by applying to the carbonwere obtained with the confocal microscope: one of
fiber electrode 1650 mV versus a Ag/AgCl referencethese sections is illustrated in Figure 1D. The VMAT2-
electrode, a potential sufficient to oxidize dopaminepositive structures were few in number, varied from 0.2
(Hochstetler et al., 2000). The recordings were continuedto 1 mm in diameter, and appeared randomly distributed
for 10–20 min in each cell. When no amperometric spikesat a considerable distance from one another. Serial opti-
were observed over a period of a few minutes, the car-cal sections through the perikarya of solitary DA cells
bon electrode was moved to another area of the cellconfirmed that randomly distributed, VMAT2-positive
surface. As reported previously (Feigenspan et al., 1998),cytoplasmic organelles of varying diameter were also
voltage clamp in the cell-attached configuration showedpresent after dissociation of the retina (Figure 1E).
that most DA cells generated action currents in a rhyth-
mic pattern. The frequency was 6.0 6 0.5 Hz (n 5 25)
at 228C (Feigenspan et al., 1998) and 13.49 6 1.36 HzElectron Microscopy
To confirm the absence of presynaptic active zones in (n 5 12) at 358C (Figure 3A and Table 1). Simultaneous
carbon fiber measurements showed that 56% of thethe cell body of DA cells, the retina was stained with
the histochemical method for alkaline phosphatase and cells generated amperometric spikes with current sizes
varying from 0.1 to several pA and variable frequencyprocessed for electron microscopy (Gustincich et al.,
1997). DA cells were identified by the presence of a (Figure 3A9). Most of the spikes exhibited the asymmetric
shape typical of the events of exocytosis measured indense precipitate of lead phosphate in the intercellular
space surrounding their perikarya (Figure 2, top). In addi- other cells (Bruns and Jahn, 1995), with a rapid rising
phase followed by an exponential-like decay (Figure 3B).tion, PLAP activity was present in the stacks of Golgi
cisternae and in small vesicles and tubules scattered Occasionally, a small relaxation of the rising phase or
“foot” signal was observed, an event apparently causedthroughout the cytoplasm. In agreement with previous
electron microscopic studies of this cell type (Kolb et by the release of transmitter through a small fusion pore
(Chow et al., 1992; Albillos et al., 1997). The width of theal., 1990, 1991), active zones were found at synaptic
contacts between DA cell dendrites and adjoining ama- current transients at 50% of its peak amplitude (half
width) was 1.12 6 0.03 ms (359 spikes; n 5 17); itscrine cell processes; presynaptic clusters of vesicles
were absent in the cell body. A relatively small number distribution peaked at 0.625 ms and sharply declined
within the next 2 ms (Figure 3B9). Spikes disappearedof unlabeled 50 nm clear or agranular vesicles and 80–
125 nm dense core or granular vesicles were scattered when the carbon fiber electrode was held at potentials
too low to cause dopamine oxidation (,100 mV versusat random in the cytoplasm at considerable distances
from one another. They were commonly present near the Ag/AgCl reference electrode). At 228C, the spike
frequency was low (0.18 6 0.02 spikes per min, n 5 5),the trans face of the Golgi stacks (Figure 2, bottom).
Granules 0.3 mm in diameter were also present. Very few but it increased significantly at a temperature of 358C
(2.28 6 0.46 spikes per min, n 5 10), in agreement withclear vesicles were situated near the plasma membrane
and dense core vesicles were consistently distant from the observation of Jaffe et al. (1998) in midbrain neurons.
No temporal relation was readily apparent betweenthe cell surface. The electron microscopic data suggest
that the largest fluorescent structures stained by the amperometric spikes and pacemaker activity. However,
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Figure 2. Electron Micrographs of the Peri-
karyon of a DA Cell
(Top) The DA cell is identified by the dense
product of the histochemical reaction for
PLAP in the intercellular space (arrowheads).
Note the presence of the enzyme in the stacks
of cisternae of the Golgi apparatus (Go).
(Bottom) Three types of secretory organelles
are present in the cytoplasm of the DA cell
body: 50 nm clear or agranular vesicles (AV),
80–125 nm dense core or granular vesicles
(GV), and 0.3 mm granules (Gr).
Magnification: (Top) 14,0003, (Bottom)
44,0003.
we did not deem necessary a cross correlation analysis, respond to glutamate and to kainate, an agonist at the
ionotropic AMPA/kainate receptors, by increasing thebecause of the pronounced latency of the amperometric
spikes (see below). frequency of their pacemaker activity (Gustincich et al.,
1997). Application of 100 mM kainate by a pressure-Control of Dopamine Release
Effects of Tetrodotoxin (TTX) and Hyperpolarization. To ejection micropipette for 30 s (Figure 4A), induced a
burst of events of dopamine exocytosis (29.59 6 4.97examine the dependence of the spontaneous dopamine
release on the pacemaker activity, DA cells were ex- per min [n 5 10], with a latency of 4.2 6 1.22 s [n 5 9]
and a duration of 57.97 6 5.59 s [n 5 10]). Glutamateposed to 3 mM TTX in the superfusion fluid (seven cells):
it is known, in fact, that the drug reversibly blocks the had similar effects (data not shown), but the response
rapidly desensitized. Therefore, binding of agonists toaction potentials of DA cells (Gustincich et al., 1997).
TTX completely suppressed the amperometric spikes, AMPA/kainate receptors stimulates extrasynaptic re-
lease of dopamine in DA cells, probably by increasingand these reappeared at the original frequency upon
restoration of the control solution (Figure 3C). This result the frequency of their spontaneous discharge of action
potentials.was confirmed when the pacemaker activity was sup-
pressed by injecting a current pulse of 220 pA of 2 Studies on the intact retina maintained in vitro have
pointed out that dopamine and its agonists at the D2min duration: in this condition, the amperometric spikes
disappeared. At the offset of current injection, the cell receptors suppress the stimulation-evoked increase in
dopamine efflux (see Witkovsky and Dearry, 1991).fired a burst of action potentials, which were followed
by a train of amperometric spikes after a latency of 2.5 s Among the agonists at the D2 receptors, we selected
quinpirole because it is not oxidized at the electrical(Figures 3D and 3D9). Thus, spontaneous dopamine re-
lease is triggered by the pacemaker activity of DA cells. potential applied to the carbon electrode. 10 mM quinpir-
ole were required, when added to the superfusion fluid,Effects of Kainate, Quinpirole, and GABA. DA cells
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Figure 3. Spontaneous Dopamine Release
A solitary DA cell was patch clamped in the cell-attached configuration, and a 5 mm carbon fiber microelectrode was placed in contact with
the cell membrane.
(A) At 358C, the cell fired action potentials in a rhythmic pattern at a frequency of 17 Hz.
(A9) Simultaneously, it generated two amperometric spikes, due to dopamine release.
(B) Waveform of two amperometric spikes: note the asymmetric shape, with a rapid rising phase followed by an exponential decay. In the
left trace, a “foot” signal is visible at the onset of the rising phase (asterisk). The holding potential of the carbon fiber electrode was 1650
mV versus a Ag/AgCl reference electrode. The amperometric traces were lowpass filtered at a cutoff frequency of 40 Hz in (A9) and 1 kHz
in (B).
(B9) Histogram of the half widths of the current transients. The distribution peaked at 0.625 ms, but spikes were recorded with a duration as
short as 0.27 ms. Spikes with duration longer than 3.0 ms were not included because they exhibited the low amplitude and complex waveform
typical of incomplete events of exocytosis.
(C) Addition of 3 mM TTX to the superfusion medium completely abolished the amperometric spikes. The effect was fully reversible. Spontaneous
dopamine release is therefore caused by the pacemaker activity. Here and in the following figures, the dotted lines represent washout times
between different experimental manipulations of the same cell.
(D and D9) A DA cell was patch clamped in the cell-attached configuration and hyperpolarized to suppress the spontaneous discharge of
action potentials. At the offset of the current injection, the cell fired a burst of action potentials and (D9) generated a train of amperometric
spikes.
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Table 1. Properties of Extrasynaptic Dopamine Release
Temperature 228C 358C
Pacemaker activity Frequency (Hz) 6.0 6 0.5 (n 5 25) 13.49 6 1.36 (n 5 12)
Spontaneous release Frequency (events/min) 0.18 6 0.02 (n 5 5) 2.28 6 0.46 (n 5 10)
Charge (fC) 13.14 6 0.48 (# 5239, n 5 12)
Number of molecules (x) 41,062
Response to kainate (30 s) Latency (s) 4.2 6 1.22 (n 5 9)
Duration (s) 57.97 6 5.59 (n 5 10)
Frequency (events/min) 29.59 6 4.97 (n 5 10)
Response to 63 mM K1 (30 s) Latency (s) 6.69 6 0.74 (n 5 47) 3.16 6 0.47 (n 5 16)
Duration (s) 42.47 6 3.7 (n 5 16) 50.32 6 5.07 (n 5 8)
Frequency (events/min) 22.03 6 1.61 (n 5 15) 37.66 6 5.15 (n 5 10)
Charge (fC) 10.81 6 0.44 (# 5 235, n 5 4) 10.75 6 0.25 (# 5 737, n 5 18)
Number of molecules (x) 33,781 33,593
#, number of events.
n, number of cells.
to abolish the response to a 30 s puff of 100 mM kainate (p , 0.00001, by single factor ANOVA), suggesting that
the mechanism that delivers dopamine to the cell sur-(data not shown). The cells, however, did not recover
their ability to respond to kainate after washout, proba- face is temperature sensitive.
Ca21 Dependence of Release. Release from DA cellsbly because of toxic damage during the prolonged expo-
sure to the drug. We therefore reduced the concentra- was dependent on the influx of extracellular Ca21. DA
cells were stimulated with high K1 in presence of 5tion of quinpirole in the bath to 0.2 mM, an amount that
was not sufficient per se to suppress completely the mM extracellular Ca21 at 228C. When 5 mM Ni21, a Ca21
channel blocker, was included in the Ca21-containingkainate discharge, and administered puffs containing
both 100 mM kainate and 0.2 mM quinpirole. With this secretagogue solution, a 30 s stimulus did not induce
dopamine release. After washout, the release resumedstrategy, the effect of kainate was reversibly abolished by
quinpirole (Figure 4B). Thus, extrasynaptic D2 receptors upon stimulation (Figure 5C). This experiment and simi-
lar ones using Co21 (data not shown), taken together withinhibit extrasynaptic release of dopamine. This effect is
probably related to the known inhibition of calcium channel the effects of depolarization, showed that dopamine was
released by exocytosis.current by quinpirole (Cardozo and Bean, 1995).
The pacemaker activity of DA cells is suppressed by We wanted to confirm by ratiometric fura-2 measure-
ments (Grynkiewicz et al., 1985) that the increase inadministration of the inhibitory transmitter GABA (Gus-
tincich et al., 1997). We therefore tested for an effect of [Ca21]i was primarily due to influx of extracellular Ca21
rather than to Ca21-induced Ca21 release from intracellu-GABA on the spontaneous release of dopamine. Addi-
tion of 10 mM GABA to the superfusion medium abol- lar stores (Verkhratsky and Shmigol, 1996). First, we
monitored Ca21 entry upon high K1 stimulation for vari-ished the spontaneous discharge of amperometric
spikes (Figure 4C). Upon return to control solution, the able time intervals: [Ca21]i remained high throughout
the entire duration (3–30 s) of the stimulus (Figure 5D).discharge resumed with the same or slightly higher fre-
quency (five cells). Thus, GABA controls extrasynaptic Second, the increase of [Ca21]i was prevented by admin-
istration of Ni21 (data not shown). Finally, we appliedrelease by suppressing the pacemaker activity.
Mechanism of Dopamine Release thapsigargin, a highly selective, irreversible inhibitor of
the sarco(endo)plasmic reticulum Ca21-ATPase (SERCA)Effects of High K1. Eliciting amperometric spikes by
current injection with a patch electrode in such a small pump, which depletes and prevents subsequent refilling
of both the ryanodine and inositol triphosphate-sensitivecell is a technically difficult experiment. Thus, applica-
tion of elevated K1 (63 mM) or 100 mM kainate by a intracellular Ca21 stores (Garaschuk et al., 1997). Tran-
sient exposure (3 s) of DA cells to 30 mM caffeine, a drugpressure-ejection micropipette were used to study in
detail the characteristics of dopamine release. Observa- that induces release of Ca21 from intracellular stores
(Garaschuk et al., 1997), caused an elevation of [Ca21]i.tions were made both at room temperature and 358C.
When a DA cell was stimulated with high K1 for 30 s When pulses of caffeine were repeatedly administered
to DA cells in presence of 3 mM thapsigargin, a small,at 208C–228C (Figure 5A), current spikes occurred at a
frequency of 22.03 6 1.61 per min (n 5 15) and lasted slow increase in [Ca21]i was observed with the first appli-
cation, most likely due to Ca21 leakage from the intracel-for 42.47 6 3.70 s (n 5 16). The delay from stimulation
onset to the first amperometric spike was large (6.69 6 lular stores (Figure 5E). Successive exposures, however,
failed to induce [Ca21]i elevation. After a 5 min interval,0.74 s [n 5 47], calculated from the artifact signaling
the arrival of the secretagogue; Figure 5B). When high the thapsigargin-treated cells were challenged with high
K1. An elevation of [Ca21]i was observed of the sameK1 stimulation was repeated at a temperature of
358C, amperometric spikes occurred at a frequency of magnitude as before depletion of the internal stores.
This [Ca21]i increase was abolished by treatment with 537.66 6 5.15 per min (n 5 10) and the discharge lasted
for 50.32 6 5.07 s (n 5 8). The delay of the discharge mM Ni21 or 250 mM Cd21 (data not shown), thus confirm-
ing the extracellular origin of the elevated [Ca21]i. Thewas 3.16 6 0.47 s (n 5 16). Thus, a higher temperature
causes both a significant increase in the frequency of fact that Ca21 entry can be sustained for extended peri-
ods of time suggests the participation of L-type Ca21the discharge and a significant decrease of its latency
Extrasynaptic Release of Dopamine
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Figure 4. Effects of Neurotransmitter Agonists on Dopamine Release
(A) Application of 100 mM kainate for 30 s, induced a burst of events of dopamine exocytosis that lasted z1 min.
(B) Quinpirole was added to the superfusion medium at a 0.2 mM concentration, and a solution containing 100 mM kainate and 0.2 mM
quinpirole was delivered to the cell for 30 s by pressure ejection from a micropipette. Quinpirole suppressed the effect of kainate. A small
number of events of exocytosis followed application of the drugs. The effect of quinpirole was reversible.
(C) GABA (10 mM) was added to the superfusion medium for about 15 min. The spontaneous discharge of dopamine was abolished. Upon
return to control solution, the discharge resumed at the initial frequency.
channels that inactivate only slowly (Koh and Hille, membrane-permeant form of EGTA, which is deesteri-
fied and accumulates in the cytoplasm, was added to1997). We confirmed this by administering nimodipine,
which at a 1 mM concentration blocks this type of chan- the bath. After a 15 min exposure to 100 mM EGTA-AM,
the response to a 30 s pressure-ejection application ofnels (Bean and Mintz, 1994). When this drug was added
to a 100 mM kainate solution, it suppressed dopamine 100 mM kainate decreased by 53% to 95% (80.6 6 7.6,
n 5 5). 5 min after return to control medium, a prolongedrelease in a reversible fashion (Figure 6A). Patch clamp
recordings showed that the drug did not affect the spon- exposure to kainate (60 s) elicited a vigorous burst of
exocytosis events, suggesting that a larger Ca21 influxtaneous firing of action potentials by DA cells (data not
shown). had saturated the intracellular buffer (Figure 6B). EGTA-
AM had no effect on the spontaneous discharge of ac-The fura-2 experiments showed that Ca21 entry imme-
diately followed stimulation. Seeking an explanation for tion potentials (data not shown).
Quantum Sizethe delay between Ca21 entry and exocytosis, we tested
whether EGTA, a slow Ca21 buffer, influenced the amper- By integrating individual amperometric spikes sponta-
neously occurring at 358C, we determined that the aver-ometric response to the secretagogue. EGTA-AM, a
Neuron
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Figure 5. The Amperometric Spikes Are Caused by Dopamine Exocytosis
(A) A cell was stimulated with 63 mM K1, delivered by a pressure-ejection micropipette for 30 s at 208C–228C. With a latency of 4.6 s from
the deflection of the amperometric trace that signaled the arrival of the secretagogue, the cell responded to the stimulus with a discharge of
amperometric spikes lasting 47 s.
(B) Histogram of the response latencies after K1 stimulation. Responses occurred at variable intervals from the stimulus.
(C) Amperometric traces from a DA cell during repeated stimulation with K1 in the presence of 5 mM Ca21. When 5 mM Ni21 was added to
the secretagogue in the micropipette, the spikes were reversibly abolished.
(D) Fura-2 ratiometric traces. Application of high K1 for 3 s and 30 s caused an increase in [Ca21]i that lasted throughout the duration of the
stimulus.
(E) To confirm that the behavior of [Ca21]i was due to influx of extracellular Ca21 rather than to Ca21-induced Ca21 release from intracellular
stores, the DA cell was first treated for 3 s with high K1 to test its response to the depolarizing stimulus. Next, the cell was treated with 30
mM caffeine (shown by the letter “C”) to verify that Ca21 was released from intracellular stores. The response to caffeine was progressively
abolished by thapsigargin (3 mM, TG). 5 min later, the response to high K1 was identical to that at the beginning of the experiment.
age charge generated by oxidation of the dopamine then each amperometric spike is caused, on average,
by 41,062 molecules. The distribution of the fractionalreleased in each event of exocytosis was 13.14 6 0.48
fC (239 spikes; n 5 12). Assuming that two electrons number of spikes per 1 fC bin is illustrated in Figure 7A
and that of the cube root of the charge Q1/3 in Figureare transferred for every molecule of dopamine oxidized,
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Figure 6. L-Type Ca21 Channels and Excitation-Secretion Coupling
(A) Application of 100 mM kainate for 30 s induced a burst of events of dopamine exocytosis. Addition to the drug of 1 mM nimodipine abolished
dopamine release. The effect of nimodipine was reversible.
(B) Application of 100 mM kainate for 30 s, induced a burst of events of dopamine exocytosis. After DA cells were exposed to 100 mM EGTA-
AM in the superfusion fluid for 15 min, the number of events of dopamine exocytosis elicited by the application of kainate was reduced by
80% with respect to the control condition. Upon restoration of the control solution, a discharge was elicited by the large Ca21 influx caused
by a prolonged application of kainate (60 s).
7B. In previous work, Q1/3 has been used as a marker mean charge only increased by 20%. In Figure 7C (gray
bars), a histogram of the fractional number of spikesfor the populations of catecholamine-containing organ-
elles, either clear or dense core vesicles (Wightman et per 1 fC bin is shown for L-DOPA treated cells. Although
statistically significant (p , 0.00001, by single factoral., 1995; Pothos et al., 1998). In DA cells, the distribution
of Q1/3 is Gaussian (regression R value 5 0.94). If one ANOVA), the increase in charge that we observed with
L-DOPA treatment suggests that the quantal size in DAassumes that the population of secretory organelles
contains a uniform concentration of dopamine, the sin- cells is far less plastic than in the neurons in culture
studied previously.gle mode in the Q1/3 distribution indicates that the organ-
elles undergoing exocytosis belong to a population of
uniform radius. This result is in contrast with the bimodal Discussion
distribution found in the cell bodies of a type of nonmam-
malian neuron (Bruns and Jahn, 1995). Both the charge The use of mice whose genome contains PLAP cDNA
linked to the promoter for TH has provided us with thereleased (Figure 7C, black bars) and the quantal size
were smaller after high K1 stimulation (Table 1): the unique opportunity to identify in vitro DA cells dissoci-
ated from adult retinas and to measure both their actiondifference was significant (p , 0.00001, by single factor
ANOVA), an indication that the dopamine contents of potentials with patch clamping and their release of do-
pamine by amperometry. Compelling evidence supportsthe secretory organelles decrease when the release fre-
quency is high. the conclusion that dopamine is indeed the substance
detected during both spontaneous and evoked release.We also examined the effect of incubation of DA cells
with the dopamine precursor 3-(3,4-dihydroxyphenyl)- Measurements were carried out in cells that expressed
PLAP at their surface and thus contained TH (GustincichL-alanine (L-DOPA). Storage of dopamine is limited by
cytosolic L-DOPA availability, so that in cultures of do- et al., 1997). Furthermore, release was only detected
when the electrode potential was set to give sufficientpaminergic midbrain neurons (Pothos et al., 1996) and
PC12 cells (Pothos et al., 1998) treatment with L-DOPA oxidizing power to electrolyze catecholamines (Hoch-
stetler et al., 2000). Although 5-hydroxytryptamine cancaused an increase of quantal size by severalfold. Fol-
lowing incubation with 50 mM L-DOPA at 378C for 30 also be detected in these conditions, if present at all in
the retina, it would be contained in a different type ofmin, DA cells responded to high K1 stimulation at room
temperature in the same way as untreated cells, but the amacrine cell (Sandell and Masland, 1986). In addition,
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Figure 7. Quantum Size Distribution of the Amperometric Spikes
(A) Histogram of the charge generated by oxidation of the dopamine released by the events of exocytosis spontaneously occurring at 358C.
The charge was measured by integrating individual amperometric spikes. The events exhibited a broad spectrum of sizes, ranging from 2.73
to 52.06 fC (103 to over 105 molecules). Their distribution was skewed toward smaller events and peaked at 7.5 fC (23,437 molecules).
(B) Histogram of the cube root Q1/3 of the charge released by spontaneous events. The distribution of Q1/3 is Gaussian (regression R value 5
0.94). Since Q1/3 is a measure of the radius of the dopamine-containing compartments, its unimodal distribution suggests that a population
of organelles of uniform radius is responsible for the observed release.
(C) Effect of incubation of DA cells with the dopamine precursor L-DOPA. Histograms of the released charge are shown for untreated (black
bars) and L-DOPA treated (grey bars) cells. Following incubation with L-DOPA and upon stimulation with 63 mM K1 at 208C–228C, the charge
of the events had a similar distribution as in untreated cells, but the mean charge had increased by 20%.
amacrine cells that express TH do not accumulate sero- ers. They were rapid (half widths 0.6 ms) and occurred
in the form of a brief liberation of a packet of molecules,tonin (Tauchi et al., 1990). Finally, since oxidizable mole-
cules were not present in the bath, we can exclude their a feature typical of dopamine release in midbrain slices
(Jaffe et al., 1998). Two major properties distinguishedloading into the secretory organelles (Kim et al., 2000).
Dopamine release by DA cells exhibited all of the the events of exocytosis from transporter-mediated re-
verse uptake: their Ca21 dependence and a higher rateproperties expected for exocytosis. The events were
evoked by extracellular Ca21 entering the cell upon de- of flux (0.4–1·107 as compared to 3.3·104 molecules s21
[Galli et al., 1998]).polarization and were abolished by Ca21 channel block-
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Individual events were considerably heterogeneous: ganelles containing VMAT2 were separated by varying
distances from the cell surface in the perikaryon. Onlythey exhibited a broad spectrum of sizes, ranging from
z103 to over 105 molecules, and their distribution was in the dendrites were they clustered near the cell mem-
brane. The electron microscope confirmed that presyn-skewed toward smaller events. Similar broad, skewed
distributions were noted in all secretory cells that un- aptic active zones were confined to the dendrites and
absent in the cell body. Putative secretory organellesdergo exocytosis, including chromaffin cells, mast cells,
pancreatic b cells (Finnegan et al., 1996), as well as were either located in the proximity of the trans face of
the stacks of Golgi cisternae or scattered at randomother dopaminergic neurons (Pothos et al., 1998). In
all cases, the distribution became normally distributed throughout the cytoplasm of the perikaryon. Consistent
with the distribution of the secretory organelles, amper-when plotted as the cube root of the measured charge
(Q1/3). Typically, the radii of secretory organelles in a ometry revealed that dopamine release occurred all over
the surface of the perikarya.variety of cells have a normal distribution, which leads to
a skewed distribution of organelle volumes. As a result, a Besides the absence of visible specializations at the
cell surface, two other critical features appear to distin-skewed distribution of organelle contents is the ex-
pected result if all organelles contain the same concen- guish extrasynaptic release from synaptic transmission:
a long delay after stimulation (0.5–30 s) and the lowtration of secretory product (Bekkers et al., 1990). In
the case of DA cells, if we assume that the secretory frequency of the quantal events. At the synapse, the
tight excitation-secretion coupling is dependent uponorganelles correspond to the 50 nm clear vesicles ob-
served with the electron microscope and postulate a the close association of the Ca21 channels with the vesi-
cle fusion machinery. Syntaxin and SNAP-25 are presentuniform dopamine content, the values measured in this
work are consistent with a 0.5 M dopamine concentra- throughout the surface of the perikaryon of amacrine
cells (Brandsta¨tter et al., 1996), but the distribution oftion in the interior of the organelles. This is nearly identi-
cal to that measured in chromaffin cells, that have much the Ca21 channels is not known. If Ca21 channels are
distant from the fusion machinery, one of the mecha-larger secretory granules (r 5 150 nm [Wightman et al.,
1991]). nisms responsible for the delayed secretion could be a
prolonged time course of Ca21 diffusion, as shown inThe mean quantal size in DA cells (40,000 molecules)
is within the same order of magnitude as that reported chromaffin cells that also lack active zones (Chow et
al., 1996). We confirmed this hypothesis by speedingin cultures of superior cervical ganglion neurons (Zhou
and Misler, 1995; Koh and Hille, 1997) and in midbrain up the time course of [Ca21]i decay with a slow Ca21
buffer. It is significant, in this respect, that the Ca21slices (Jaffe et al., 1998), but one order of magnitude
greater than the quantal events recorded in axonal vari- channels responsible for exocytosis belong to the slowly
inactivating L type, a property that DA cells share withcosities of midbrain neurons in culture (Pothos et al.,
1998). It is interesting, however, that the quantal size in other secretory cells.
Additional features, however, must be responsible forcultured midbrain neurons could be increased about
4-fold by treatment with the growth factor GDNF and the extremely loose excitation-secretion coupling of DA
cells. The broad range of latencies may reflect the slowthen nearly doubled by incubation with L-DOPA, the
biological precursor of dopamine. In DA cells, L-DOPA recruitment of secretory organelles that are far apart,
few in number, and distant from the cell surface. Severalincubation led to only a 20% increase in quantal size.
Finally, secretory events in DA cells have a variety of observations support this interpretation: the pacemaker
activity of the cell causes rhythmic events of Ca21 entry,shapes and may exhibit a prespike feature or foot that
has been attributed to the initial phase in the formation but the frequency of spontaneous dopamine exocytosis
is much lower that that of the action potentials generatedof a fusion pore (Chow et al., 1992; Albillos et al., 1997).
These features appear in cultured midbrain neurons only by the cell, and, occasionally, events are recorded only
after exploring different regions of the cell surface. Otherafter L-DOPA loading. Perhaps, the secretory organelles
are filled to near capacity in acutely isolated, adult neu- factors that may influence the delay include the kinetics
of the delivery of the secretory organelles to the cellrons, whereas in developing cells maintained in culture
the filling is less than maximal. The nature of the secre- periphery, the state of the cortical cytoskeleton and its
interaction with the entering Ca21 (see Trifaro´ et al.,tory organelles of DA cells has not been identified with
certainty: two possible candidates were observed with 1997), but we have no evidence to evaluate their impor-
tance.the electron microscope, 50 nm clear vesicles and z100
nm dense core vesicles. The absence of a bimodal distri- Upon delivery of a 30 s puff of high K1, z50 events
of dopamine release occur over a period of one minute.bution of the charge (Bruns and Jahn, 1995) suggests
that a single population of organelles undergoes exo- Considering the paucity of VMAT2–positive structures
and their distance from the plasma membrane, very fewcytosis in DA cells, and clear vesicles seem a likely
candidate, considering that the release event is briefer dopamine-containing organelles would reach the cell
surface during this time lapse, assuming that they travel(# 1 ms) than that reported for dense core vesicle (3.6
ms [Bruns and Jahn, 1995]). Another argument in favor at the same velocity as granules of chromaffin cells (114
nm s21; Steyer et al., 1997). Furthermore, one wouldof this hypothesis, is the size of the dopamine quanta:
40,000 molecules as compared with 138,000 for 100 nm expect that in the case of longer delays between stimula-
tion and release, the number of events would be smaller,dense core vesicles in carotid glomus cells (Uren˜a et
al., 1994), and 3·106 in 250–300 nm granules of chromaf- reflecting the increasing distance between secretory or-
ganelles and cell surface, but this is often not the case.fin cells (Finnegan et al., 1996).
There is no doubt that dopamine release was extra- An explanation for this discrepancy could be that each
organelle docked to the cell membrane undergoes multi-synaptic. Immunocytochemistry showed that most or-
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ple cycles of exocytosis, endocytosis, and refilling dur- postsynaptic active zones of GABAergic synapses may
ing each episode of stimulation, because the frequency be present on the vitreal pole of the perikaryon and initial
of the discharge is low and its duration long. This tempo segment of the primary dendrites (Gustincich et al.,
of recycling is compatible with observations at the syn- 1999).
apse, where vesicles may refill with a time constant of In conclusion, we have presented evidence that extra-
5–12 s (Stevens and Tsujimoto, 1995). This suggestion synaptic release of dopamine from DA cells is caused
is supported by the observation that the quantal size by exocytosis and depends upon the electrical activity
varies with the frequency of the discharge: it is higher of the cell. In addition, it is modulated in vitro by extra-
in spontaneous events of dopamine exocytosis than synaptic receptors. In the intact retina, the interplay of
during the response to high K1. synaptic and extrasynaptic receptors in the regulation
The spontaneous extrasynaptic release of dopamine of extrasynaptic release of dopamine remains to be de-
is reversibly suppressed by administration of the sodium termined. The very fact, however, that DA cells express
channel blocker TTX or by hyperpolarization of the cell the a4 subunit of the GABAA receptor, which is exclu-
membrane. Thus, release is caused by the action poten- sively extrasynaptic (Gustincich et al., 1999), strongly
tials that are generated by DA cells in a rhythmic fashion. suggests that the composition of the extracellular fluid
This suggests that, in vivo, light can modulate extrasyn- influences extrasynaptic release of dopamine and there-
aptic release of dopamine by influencing the discharge fore volume transmission in the retina. This is not sur-
pattern of DA cells. It seems obvious that if dopamine prising, if one considers that the varying composition of
exocytosis takes place at the surface of the perikaryon, the extracellular soup in the inner retina is the chemical
it must be a property of the entire surface of the neuron. equivalent of the diversity of the visual scene and adap-
Then, extrasynaptic release may contribute substan- tational state of the retina.
tially to volume transmission in the retina, if one consid- Extrasynaptic release is widespread in the nervous
ers the extensive surface of the dedritic plexus of DA system (hippocampal neurons [Dan et al., 1994]; dorsal
cells and the fact that secretory organelles are very root ganglion cells [Huang and Neher, 1996]; substantia
numerous in the dendritic cytoplasm. On the other hand, nigra [Jaffe et al., 1998]) and probably mediates retro-
the contribution to volume transmission of the dopamine grade signaling, an unconventional form of communica-
released at the synapses is unclear. DA cells contact tion in the cerebellum (Glitsch et al., 1996), hypothala-
the initial part of the primary dendrites and the lobular mus (Kombian et al., 1997), hippocampus (Simmons et
appendages of AII amacrines (Kolb et al., 1990, 1991; al., 1995; Morishita and Alger, 1999), and cerebral cortex
Gustincich et al., 1997), but the postsynaptic membrane (Zilberter et al., 1999). Our observation that extrasynap-
expresses neither D1 (Veruki and Wa¨ssle, 1996) nor D2 tic release is controlled by extrasynaptic receptors sug-
(Derouiche and Asan, 1999) receptors. Furthermore, gests that the response of the unspecialized cell surface
GABA and glutamic acid decarboxylase are present in to the neuroactive molecules present in the extracellular
DA cells, which led to the belief that the DA cell-to- fluid may represent an essential component of neuronal
AII amacrine synapse is GABAergic (Wa¨ssle and Chun, signaling.
1988; Wulle and Wagner, 1990). We have seen, however,
that aggregates of VMAT2-immunoreactive material are
Experimental Procedureslocated near the surface of DA cell dendrites. Thus, two
types of vesicles may coexist at the active zone or two
Immunocytochemistrytransmitters may be contained within the same presyn-
Fixation
aptic vesicle. In either case, dopamine would be re- Adult wild-type C57Bl/6J mice were anesthetized by intraperitoneal
leased at the synapse and thus contribute to volume injection of 0.1 ml of a solution containing 50 mg/ml ketamine HCl
transmission. (Ketaset; Fort Dodge Laboratories, Forte Dodge, IA) and 1% xylazine
(Rompun; Bayer, Shawnee Mission, KS), and eyes were enucleated.Extrasynaptic dopamine release is stimulated by glu-
After opening the eyes at the equator, the anterior segment wastamate and its agonist kainate and abolished by quinpir-
removed and the posterior eyecup was fixed in 2% formaldehydeole and GABA. Because (1) glutamate is the transmitter
in So¨rensen phosphate buffer (pH 7.4) at room temperature for 2of bipolar cells, and (2) we know from electron micros- hr, washed in phosphate-buffered saline (PBS), cryoprotected in
copy that bipolar synapses on DA cells occur at a dis- 20% sucrose, and frozen in partially solidified dichlorodifluorometh-
tance from the cell body, an effect of these drugs on ane kept in liquid nitrogen. 5–8 mm sections through the retina were
dopamine release by solitary DA cell perikarya is by obtained in a cryostat and mounted on gelatinized slides.
Double-Labeling Studiesnecessity mediated by extrasynaptic receptors. In a sim-
Slides were rinsed in PBS for 20 min, blocked in 10% normal goatilar fashion, extrasynaptic D2 autoreceptors are respon-
serum (NGS; Vector Laboratories Inc., Burlingame, CA), 0.2% bovinesible for suppression of dopamine release in DA cells,
serum albumin (BSA; Sigma, St. Louis, MO) in PBS for 1 hr, followed
because immunocytochemical studies have demon- by 2% fish gelatin (Goldmark Biologicals, Phillipsburg, NJ) in PBS
strated the presence of this type of receptors over the for 30 min. They were incubated overnight in a mixture of the primary
entire surface of DA cells (Veruki, 1997; Derouiche and antibodies diluted with 0.2% BSA in PBS, rinsed with PBS for 20
Asan, 1999). Finally, a large repertory of subunits of the min, and incubated for 3 hr in a mixture of the secondary antibodies
diluted with PBS containing 0.1% NGS, 0.2% fish gelatin, and 0.2%GABAA receptor is present throughout the surface of
BSA. Slides were finally rinsed in PBS and coverslipped with Vecta-DA cells, suggesting the existence of multiple types of
shield (Vector). The mixture of primary antibodies contained rabbitextrasynaptic GABAA receptors (Gustincich et al., 1999). polyclonal antibody to VMAT2 (1:1000), a gift from R. H. Edwards
It is therefore likely that GABA regulates extrasynaptic (Department of Neurology, University of California, San Francisco),
dopamine exocytosis by acting on extrasynaptic GABAA and a monoclonal antibody to TH (DiaSorin, Stillwater, MN; 1:100).
receptors. However, the somatic response to GABA may Secondary antibodies were goat FITC-conjugated anti-rabbit (Boeh-
ringer Mannheim, Indianapolis, IN; 1:500) and donkey Texas Red-not be due exclusively to extrasynaptic receptors, because
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conjugated anti-mouse (Jackson ImmunoResearch, West Grove, quently digitized using a DigiData 1200 interface and a PC-Pentium
computer (Dell). The sample frequency was 10–20 kHz for whole-cellPA; 1:100). Fluorescence was detected using a 1003 1.4 NA plan
apochromat in a Zeiss Axiophot microscope and a Bio-Rad (Bio- voltage clamp recordings and 2–5 kHz for current-clamp recordings.
Electropainted carbon fiber microelectrodes were constructedRad Laboratories, Inc., Hercules, CA) MRC-1024 confocal imaging
system equipped with an argon-krypton laser. For serial optical according to a procedure that was previously described (Kawagoe
et al., 1993; Hochstetler and Wightman, 1998) with 5 mm diametersectioning of DA cell bodies, the minimal thickness of the optical
section was adopted which was compatible with adequate emis- carbon fibers (T650; Amoco Corp., Greenville, SC). Immediately prior
to use, electrodes were beveled at a 458 angle with a diamondsion. Images (1024 3 1024 pixels) were obtained sequentially from
two channels by averaging six scans and stored as TIFF files. We coated polishing wheel (Sutter Instrument Co., Novato, CA) and then
cleaned by ultrasonication in isopropanol for 3 s. Electrodes wereused Adobe Photoshop (Adobe Systems, Mountain View, CA) to
evaluate the localization of VMAT2 in TH-positive cells after overlay- backfilled with a 4 M potassium acetate, 150 mM KCl solution and
electrical connection to the headstage (CV201A/Axopatch 200A;ing the two stainings in different color channels. Data from one
channel (TH) are represented in red, and those from the other chan- Axon Instruments, Inc., Foster City, CA) was made by a chlorided
silver wire. Electrode precalibration was accomplished with slownel (VMAT2) are represented in green; yellow indicates colocali-
zation. scan cyclic voltammetry of a 50 mM dopamine solution. An electrode
holding potential of 1650 mV versus a Ag/AgCl reference electrode
was applied by the Axopatch 200A after appropriate modificationElectron Microscopy
to the holding potential circuitry as outlined by Axon InstrumentsAdult, anesthetized C57Bl/6 mice homozygous for PLAP cDNA were
Hardware Modification Note #22. The output of the Axopatch 200Aperfused through the heart with 2% formaldehyde and 1% glutaral-
was filtered at 10 kHz by an internal 8-pole lowpass Bessel filterdehyde in So¨rensen phosphate buffer (pH 7.4), after rinsing the
and subsequently stored on a DAT recorder. Data were subse-vascular tree with Ames medium (Sigma). Whole retinas were kept
quently analog lowpass filtered (CyberAmp 320; Axon Instruments),in the fixative fluid for 2 hr at room temperature, heated in PBS at
or digitally lowpass filtered (Clampfit 8; Axon Instruments). A low-658C for 30 min, and carefully rinsed with 5% sucrose in 0.2 M
pass frequency of 40 Hz was used in the analysis of spike areascacodylate buffer (pH 7.4) to eliminate phosphate ions. Specimens
(Hochstetler et al., 2000). Analysis of amperometric spikes was car-were then incubated for 8–24 hr at room temperature under con-
ried out with commercially available software (MiniAnalysis; Synap-stant, mild agitation in a b-glycerophosphate, alkaline lead-citrate
tosoft, Inc., Leona, NJ). The threshold for detection of event begin-solution (Gustincich et al., 1997). They were subsequently postfixed
ning was set to 4.5 times the rms baseline noise and that for eventin 3% glutaraldehyde, followed by cold 1% osmium, 1.5% potassium
ending to 10% of the event’s maximal amplitude.ferrocyanide, and stained en bloc with uranyl acetate. After embed-
Drugs dissolved in the extracellular solution were either added toding in low-viscosity Epon and thin sectioning, micrographs were
the superfusing medium or applied to single cells by pressure ejec-obtained with a Jeol 1200EX electron microscope.
tion from a micropipette. This delivery system allowed for a complete
solution exchange in the vicinity of the recorded cell within 30–50 ms.Dissociation of the Retina and Identification
of Solitary DA Cells
Fura-2 Measurements of [Ca21]iThe procedure for dissociation of the retina and short-term culture
DA cells were incubated in a physiological solution containing 1 mMof the resulting cell suspension were described in detail previously
fura-2-AM and 0.1% BSA for 20 min at 228C. Fura-2-AM (1 mM) was(Feigenspan et al., 1998). Briefly, retinas obtained from 1- to
dissolved in a mixture of 10 ml 10% Pluronic(r) F-127 (Molecular3-month-old mice, homozygous for PLAP cDNA, were incubated
Probes, Eugene, OR) and 40 ml dry DMSO. Following the incubationwith papain and subsequently triturated by squeezing them through
period, the cells were rinsed with fresh medium and the fura-2-AMthe bore of fire-polished Pasteur pipettes. The resulting cell suspen-
was allowed to deesterify for 20 min. Next, the cells were rinsedsion was centrifuged and resuspended in culture medium containing
twice with medium.E6-Cy3 (1:100). The dissociated retinal neurons were allowed to
Fluorescence from single cells was measured by a photomultipliersettle on glass coverslips, previously coated with concanavalin A.
tube (EMPIX; Photometer System, Mississaugua, Canada) throughFor immunocytochemistry, cells were fixed in 1% formaldehyde in
a field stop diaphragm that sampled an area of the specimen 11So¨rensen buffer, permeabilized by freezing and thawing, and stained
mm in diameter. Cells were alternatively excited at 340 6 7.5 andfor VMAT2 and TH according to the protocol described above.
380 6 7.5 nm, while emission at 510 6 10 nm was measured. Light
was collected through a 403 oil immersion objective mounted on
Electrophysiology
an inverted microscope (Axiovert 35; Carl Zeiss, Thornwood, NY).
For recordings, the Petri dishes with the dissociated retinal cells
To reduce photobleaching, excitation light from the Xe arc lamp
were mounted on the stage of an inverted microscope (Diaphot 300,
passed through a 0.5 neutral density filter (30% transmission) posi-
Nikon), and E6-Cy3-stained DA cells were identified by scanning
tioned between the arc lamp and the 403 objective. Ratios of F340/
the coverslip in epifluorescence. Once the DA cells were identified,
F380 were determined at 750 ms intervals. Because of known in
the rest of the procedures was executed in visible light with Nomar-
vitro calibration inaccuracies (Duchen, 1992), we report fura-2 ratios
ski optics. The cells were either maintained at room temperature
instead of converting the ratio to a Ca21 concentration.
(218C –228C) or warmed up to 358C 6 0.58C with a heater controller
All data are expressed as means 6 SE; the number of cells is
(TC-344B; Warner Instrument Corp., Hamden, CT) and continuously
indicated.
superfused at a rate of 0.5 ml/min with an extracellular medium
containing 137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, and 1 mM
AcknowledgmentsMgCl2 in 5 mM HEPES (pH 7.4).
Membrane currents were recorded using either the cell-attached
R. H. Edwards kindly provided antibodies for VMAT2. We thank B. P.or the whole-cell configuration of the patch-clamp technique as
Bean and P. Witkovsky for useful suggestions, J. LeMieux and A.previously described (Feigenspan et al., 1998). Patch pipettes were
Life for technical assistance, and Jennifer Wilson for help with thefilled with extracellular medium for recordings in the cell-attached
manuscript. Supported by National Institutes of Health Grantsconfiguration. For whole-cell recordings, the intracellular solution
EY01344 (E. R.) and NS38879 (R. M. W.).contained 120 mM K-gluconate, 0.5 mM CaCl2, 4 mM MgCl2, 0.5
mM EGTA, 2 mM Mg-ATP, 0.2 mM Na-GTP, 14 mM phosphocreatine,
Received August 4, 2000; revised February 1, 2000.and 10 mM HEPES (pH 7.2). Electrodes were connected to an Axo-
patch 200A amplifier (Axon Instruments Inc., Foster City, CA), and
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Neuron
224
Bean, B.P., and Mintz, I.M. (1994). Pharmacology of different types of Ca21 indicators with greatly improved fluorescence properties. J.
Biol. Chem. 260, 3440–3450.of calcium channels in rat neurons. In Handbook of Membrane Chan-
nels: Molecular and Cellular Physiology, C. Peracchia, ed. (San Gustincich, S., Feigenspan, A., Wu, D.-K., Koopman, L.J., and Ravi-
Diego, CA: Academic Press), 199–210. ola, E. (1997). Control of dopamine release in the retina: a transgenic
Bekkers, J.M., Richerson, G.B., and Stevens, C.F. (1990). Origin approach to neural networks. Neuron 18, 723–736.
of variability in quantal size in cultured hippocampal neurons and Gustincich, S., Feigenspan, A., Sieghart, W., and Raviola, E. (1999).
hippocampal slices. Proc. Natl. Acad. Sci. USA 87, 5359–5362. Composition of the GABAA receptors of retinal dopaminergic neu-
Bjelke, B., Goldstein, M., Tinner, B., Andersson, C., Sesack, S.R., rons. J. Neurosci. 19, 7812–7822.
Steinbusch, H.W.M., Lew, J.Y., He, X., Watson, S., Tengroth, B., Hochstetler, S.E., and Wightman, R.M. (1998). Detection of secretion
and Fuxe, K. (1996). Dopaminergic transmission in the rat retina: by electrochemical methods. In On-Line Biophysics Textbook, V.
evidence for volume transmission. J. Chem. Neuroanatomy 12, Bloomfield and L. De Felice, eds. (Bethesda, MD: Biophysical Soci-
37–50. ety), http://biosci.umn.edu/biophys/OLTB/Textbook.html.
Brandsta¨tter, J.H., Wa¨ssle, H., Betz, H., and Morgans, C.W. (1996). Hochstetler, S.E., Puopolo, M., Gustincich, S., Raviola, E., and
The plasma membrane protein SNAP-25, but not syntaxin, is present Wightman, R.M. (2000). Real-time amperometric measurements of
at photoreceptor and bipolar cell synapses in the rat retina. Eur. J. zeptomole quantities of dopamine released from neurons. Anal.
Neurosci. 8, 823–828. Chem. 72, 489–496.
Bruns, D., and Jahn, R. (1995). Real-time measurement of transmitter Huang, L.-Y.M., and Neher, E. (1996). Ca21-dependent exocytosis
release from single synaptic vesicles. Nature 377, 62–65. in the somata of dorsal root ganglion neurons. Neuron 17, 135–145.
Bunin, M.A., and Wightman, R.M. (1999). Paracrine neurotransmis-
Jaffe, E.H., Marty, A., Schulte, A., and Chow, R.H. (1998). Extrasyn-
sion in the CNS by 5-hydroxytryptamine. Trends Neurosci. 22,
aptic vesicular transmitter release from the somata of substantia
377–382.
nigra neurons in rat midbrain slices. J. Neurosci. 18, 3548–3553.
Cardozo, D.L., and Bean, B.P. (1995). Voltage-dependent calcium
Kawagoe, K.T., Zimmerman, J.B., and Wightman, R.M. (1993). Prin-
channels in rat midbrain dopamine neurons: modulation by dopa-
ciples of voltammetry and microelectrode surface states. J. Neu-
mine and GABAB receptors. J. Neurophysiol. 74, 1137–1148. rosci. Methods 48, 225–240.
Cheramy, A., Leviel, V., and Glowinski, J. (1981). Dendritic release
Kim, K.-T., Koh, D.-S., and Hille, B. (2000). Loading of oxidizableof dopamine in the substantia nigra. Nature 289, 537–542.
transmitters into secretory vesicles permits carbon-fiber amperom-
Chow, R.H., von Ru¨den, L., and Neher, E. (1992). Delay in vesicle etry. J. Neurosci. 20, RC101(1–5).
fusion revealed by electrochemical monitoring of single secretory
Koh, D.-S., and Hille, B. (1997). Modulation by neurotransmitters ofevents in adrenal chromaffin cells. Nature 356, 60–63.
catecholamine secretion from sympathetic ganglion neurons de-
Chow, R.H., Klingauf, J., Heinemann, C., Zucker, R.S., and Neher, tected by amperometry. Proc. Natl. Acad. Sci. USA 94, 1506–1511.
E. (1996). Mechanisms determining the time course of secretion in
Kolb, H., Cuenca, N., Wang, H.-H., and Dekorver, L. (1990). Theneuroendocrine cells. Neuron 16, 369–376.
synaptic organization of the dopaminergic amacrine cell in the cat
Dan, Y., Song, H.-J., and Poo, M.-M. (1994). Evoked neuronal secre- retina. J. Neurocytol. 19, 343–366.
tion of false transmitters. Neuron 13, 909–917.
Kolb, H., Cuenca, N., and Dekorver, L. (1991). Postembedding immu-
De Waele, P., De Groote, G., Van De Voorde, A., Fiers, W., Franssen,
nocytochemistry for GABA and glycine reveals the synaptic relation-
J.-D., Herion, P., and Urbain, J. (1982). Isolation and identification
ships of the dopaminergic amacrine cell of the cat retina. J. Comp.
of monoclonal antibodies directed against human placental alkaline
Neurol. 310, 267–284.
phosphatase. Arch. Int. Physiol. Biochim. 90, B21.
Kombian, S.B., Mouginot, D., and Pittman, Q.J. (1997). Dendritically
Derouiche, A., and Asan, E. (1999). The dopamine D2 receptor sub- released peptides act as retrograde modulators of afferent excita-
family in rat retina: ultrastructural immunogold and in situ hybridiza-
tion in the supraoptic nucleus in vitro. Neuron 19, 903–912.
tion studies. Eur. J. Neurosci. 11, 1391–1402.
Morishita, W., and Alger, B.E. (1999). Evidence for endogenous excit-Duchen, M.R. (1992). Fluorescence-monitoring cell chemistry in vivo.
atory amino acids as mediators in DSI of GABAAergic transmissionIn Monitoring Neuronal Activity: A Practical Approach, J.A. Stam-
in hippocampal CA1. J. Neurophysiol. 82, 2556–2564.ford, ed. (New York: Oxford University Press), pp. 231–260.
Nguyen-Legros, J. (1988). Morphology and distribution of catechola-Feigenspan, A., Gustincich, S., Bean, B.P., and Raviola, E. (1998).
mine-neurons in mammalian retina. Progr. Retinal Res. 7, 113–147.Spontaneous activity of solitary dopaminergic cells of the retina. J.
Nirenberg, M.J., Chan, J., Liu, Y., Edwards, R.H., and Pickel, V.M.Neurosci. 18, 6776–6789.
(1996). Ultrastructural localization of the vesicular monoamine trans-Finnegan, J.M., Pihel, K., Cahill, P.S., Huang, L., Zerby, S.E., Ewing,
porter-2 in midbrain dopaminergic neurons: potential sites for so-A.G., Kennedy, R.T., and Wightman, R.M. (1996). Vesicular quantal
matodendritic storage and release of dopamine. J. Neurosci. 16,size measured by amperometry at chromaffin, mast, pheochromo-
4135–4145.cytoma, and pancreatic b-cells. J. Neurochem. 66, 1914–1923.
Pothos, E., Desmond, M., and Sulzer, D. (1996). L-3,4-dihydroxyphe-Galli, A., Blakely, R.D., and DeFelice, L.J. (1998). Patch-clamp and
nylalanine increases the quantal size of exocytotic dopamine releaseamperometric recordings from norepinephrine transporters: chan-
in vitro. J. Neurochem. 66, 629–636.nel activity and voltage-dependent uptake. Proc. Natl. Acad. Sci.
USA 95, 13260–13265. Pothos, E.N., Davila, V., and Sulzer, D. (1998). Presynaptic recording
of quanta from midbrain dopamine neurons and modulation of theGaraschuk, O., Yaari, Y., and Konnerth, A. (1997). Release and se-
quantal size. J. Neurosci. 18, 4106–4118.questration of calcium by ryanodine-sensitive stores in rat hippo-
campal neurones. J. Physiol. 502, 13–30. Sandell, J.H., and Masland, R.H. (1986). A system of indoleamine-
accumulating neurons in the rabbit retina. J. Neurosci. 6, 3331–3347.Glitsch, M., Llano, I., and Marty, A. (1996). Glutamate as a candidate
retrograde messenger at interneurone-Purkinje cell synapses of rat Simmons, M.L., Terman, G.W., Gibbs, S.M., and Chavkin, C. (1995).
cerebellum. J. Physiol. 497, 531–537. L-type calcium channels mediate dynorphin neuropeptide release
from dendrites but not axons of hippocampal granule cells. NeuronGrace, A.A., and Bunney, B.S. (1983a). Intracellular and extracellular
14, 1265–1272.electrophysiology of nigral dopaminergic neurons—1. Identification
and characterization. Neuroscience 10, 301–315. Stevens, C.F., and Tsujimoto, T. (1995). Estimates for the pool size
of releasable quanta at a single central synapse and for the timeGrace, A.A., and Bunney, B.S. (1983b). Intracellular and extracellular
required to refill the pool. Proc. Natl. Acad. Sci. USA 92, 846–849.electrophysiology of nigral dopaminergic neurons—2. Action poten-
tial generating mechanisms and morphological correlates. Neuro- Steyer, J.A., Horstmann, H., and Almers, W. (1997). Transport, dock-
science 10, 317–331. ing and exocytosis of single secretory granules in live chromaffin
cells. Nature 388, 474–478.Grynkiewicz, G., Poenie, M., and Tsien, R.Y. (1985). A new generation
Extrasynaptic Release of Dopamine
225
Tauchi, M., Madigan, N.K., and Masland, R.H. (1990). Shapes and
distributions of the catecholamine-accumulating neurons in the rab-
bit retina. J. Comp. Neurol. 293, 178–189.
Trifaro´, J.-M., Glavinovic, M., and Rose´, S.D. (1997). Secretory vesi-
cle pools and rate and kinetics of single vesicle exocytosis in neuro-
secretory cells. Neurochem. Res. 22, 831–841.
Uren˜a, J., Ferna´ndez-Chaco´n, R., Benot, A.R., Alvarez de Toledo,
G., and Lo´pez-Barneo, J. (1994). Hypoxia induces voltage-depen-
dent Ca21 entry and quantal dopamine secretion in carotid body
glomus cells. Proc. Natl. Acad. Sci. USA 91, 10208–10211.
Verkhratsky, A., and Shmigol, A. (1996). Calcium-induced calcium
release in neurones. Cell Calcium 19, 1–14.
Veruki, M.L. (1997). Dopaminergic neurons in the rat retina express
dopamine D2/3 receptors. Eur. J. Neurosci. 9, 1096–1100.
Veruki, M.L., and Wa¨ssle, H. (1996). Immunohistochemical localiza-
tion of dopamine D1 receptors in rat retina. Eur. J. Neurosci. 8,
2286–2297.
Wa¨ssle, H., and Chun, M.H. (1988). Dopaminergic and indoleamine-
accumulating amacrine cells express GABA-like immunoreactivity
in the cat retina. J. Neurosci. 8, 3383–3394.
Wightman, R.M., Jankowski, J.A., Kennedy, R.T., Kawagoe, K.T.,
Schroeder, T.J., Leszczyszyn, D.J., Near, J.A., Diliberto, E.J., Jr.,
and Viveros, O.H. (1991). Temporally resolved catecholamine spikes
correspond to single vesicle release from individual chromaffin cells.
Proc. Natl. Acad. Sci. USA 88, 10754–10758.
Wightman, R.M., Schroeder, T.J., Finnegan, J.M., Ciolkowski, E.L.,
and Pihel, K. (1995). Time course of release of catecholamines from
individual vesicles during exocytosis at adrenal medullary cells. Bio-
phys. J. 68, 383–390.
Witkovsky, P., and Dearry, A. (1991). Functional roles of dopamine
in the vertebrate retina. Progr. Retinal Res. 11, 247–292.
Witkovsky, P., Nicholson, C., Rice, M.E., Bohmaker, K., and Meller,
E. (1993). Extracellular dopamine concentration in the retina of the
clawed frog, Xenopus laevis. Proc. Natl. Acad. Sci. USA 90, 5667–
5671.
Wulle, I., and Wagner, H.-J. (1990). GABA and tyrosine hydroxylase
immunocytochemistry reveal different patterns of colocalization in
retinal neurons of various vertebrates. J. Comp. Neurol. 296,
173–178.
Zhou, Z., and Misler, S. (1995). Amperometric detection of stimulus-
induced quantal release of catecholamines from cultured superior
cervical ganglion neurons. Proc. Natl. Acad. Sci. USA 92, 6938–6942.
Zilberter, Y., Kaiser, K.M.M., and Sakmann, B. (1999). Dendritic
GABA release depresses excitatory transmission between layer
2/3 pyramidal and bitufted neurons in rat neocortex. Neuron 24,
979–988.
